A large number of preclinical studies have reported high rates of alcohol consumption among animals with reduced central nervous system (CNS) serotonin functioning (for reviews, see Sellers et al. 1992; LeMarquand et al. 1994b ). Among humans, clinical studies show evidence of reduced CNS serotonin functioning in subjects at risk for or who exhibit early onset alcohol abuse and alcoholism (for recent reviews see LeMarquand et al. 1994a; Litten et al. 1996; Pettinati 1996) . Some recent studies show that selective serotonin reuptake inhibitors (SSRIs) are promising as adjunctive pharmacological treatment for maintenance of abstinence (see LeMarquand et al. 1994b) . Preclinical studies with rodents show that the SSRIs reduce alcohol consumption (LeMarquand et al. 1994b) . Similarly, in a number of small scale studies, SSRIs have shown promise as an adjunct treatment for alcohol abuse and alcoholism (LeMarquand et al. 1994a; Pettinati 1996) . The controlled studies conducted by Gorelick (1989) and Kranzler et al. (1995) showed, however, that fluoxetine was ineffective in promoting maintenance of abstinence among treatment-seeking alcoholics. More recently, researchers used a controlled study to demonstrate that citalopram was efficacious in promoting maintenance 18 , NO . 6 of abstinence among early-onset, violent male alcoholics thought to have reduced central serotonin functioning (Tiihonen et al. 1996) . Because of the conflicting reports on the efficacy of the SSRIs in the maintenance of abstinence, we decided to investigate sertraline as a potential treatment for excessive alcohol intake, using a nonhuman primate model with monkeys known to have reduced central serotonin functioning (Higley et al. 1996d,e). Furthermore, we designed the study specifically to examine the role that stress plays in excessive alcohol consumption among nonhuman primates and to test the efficacy of sertraline in mitigating the effects of stress on alcohol consumption.
A large number of preclinical studies have reported high rates of alcohol consumption among animals with reduced central nervous system (CNS) serotonin functioning (for reviews, see Sellers et al. 1992; LeMarquand et al. 1994b ). Among humans, clinical studies show evidence of reduced CNS serotonin functioning in subjects at risk for or who exhibit early onset alcohol abuse and alcoholism (for recent reviews see LeMarquand et al. 1994a; Litten et al. 1996; Pettinati 1996) . Some recent studies show that selective serotonin reuptake inhibitors (SSRIs) are promising as adjunctive pharmacological treatment for maintenance of abstinence (see LeMarquand et al. 1994b) . Preclinical studies with rodents show that the SSRIs reduce alcohol consumption (LeMarquand et al. 1994b) . Similarly, in a number of small scale studies, SSRIs have shown promise as an adjunct treatment for alcohol abuse and alcoholism (LeMarquand et al. 1994a; Pettinati 1996) . The controlled studies conducted by Gorelick (1989) and Kranzler et al. (1995) showed, however, that fluoxetine was ineffective in promoting maintenance of abstinence among treatment-seeking alcoholics. More recently, researchers used a controlled study to demonstrate that citalopram was efficacious in promoting maintenance of abstinence among early-onset, violent male alcoholics thought to have reduced central serotonin functioning (Tiihonen et al. 1996) . Because of the conflicting reports on the efficacy of the SSRIs in the maintenance of abstinence, we decided to investigate sertraline as a potential treatment for excessive alcohol intake, using a nonhuman primate model with monkeys known to have reduced central serotonin functioning (Higley et al. 1996d,e) . Furthermore, we designed the study specifically to examine the role that stress plays in excessive alcohol consumption among nonhuman primates and to test the efficacy of sertraline in mitigating the effects of stress on alcohol consumption.
Until recently, it was widely believed that nonhuman primates would not voluntarily consume alcohol in appreciable quantities (e.g., Mello and Mendelson 1971; Meisch et al. 1975; Crowley et al. 1983 ); consequently, they were not typically used in research on alcohol abuse. More recent studies have shown, however, that for many species of primates, many (but not all) subjects will freely consume alcohol in quantities that produce pharmacological effects when an alcohol solution is palatable (Higley et al. 1991; Higley 1996; Higley and Linnoila 1997) . Within some species, such as rhesus macaques and other Old World primate species, some individual subjects will routinely consume sufficient quantities of alcohol to produce blood levels exceeding the limits of legal intoxication for most states in the United States, and at times drink amounts that produce stupor and unconsciousness (Erwin et al. 1979; Ervin et al. 1990; Higley et al. 1991) . Most rhesus monkeys are modest consumers, however, with only 15-20% consuming alcohol in daily quantities that produce intoxication.
More recent studies of alcohol consumption in nonhuman primates have investigated variables that are associated with high alcohol consumption. Results from these studies parallel investigations in humans showing that low CSF 5-hydroxyindoleacetic acid (5-HIAA) and 3-methoxy-4-hydroxyphenylgycol (MHPG) are correlated with excessive alcohol consumption (Higley et al. 1991; 1996e) . Another factor that increases alcohol consumption in nonhuman primates such as rhesus macaques involves an early rearing history in which young subjects are raised in social groups that do not contain adults (peer-only reared subjects- Higley et al. 1991 . Subjects reared early in life with only same-aged peers, for example, are about twice as likely to consume alcohol at rates that produce daily intoxication as subjects reared early in life by their parents (Higley et al. 1991 . Peer-only reared subjects also show low concentrations of CSF 5-HIAA and MHPG (Higley et al. 1991 (Higley et al. , 1996d . Like human subjects with low CSF 5-HIAA concentrations when peer-only reared subjects mature to adulthood, they are excessively aggressive and are more likely to be removed from their social groups for wounds or violent behavior than subjects reared by their mothers 1996d) . Because they share biochemical and behavioral similarities with some types of human alcoholics, and because they are more likely than normally reared monkeys to consume alcohol at rates that produce intoxication, peer-reared monkeys appear to be well suited to evaluate pharmacological treatments for excessive consumption. Based on what is known about peer-only reared subjects, we hypothesized that sertraline would reduce their day-to-day alcohol consumption, particularly during nonstressful home-cage interactions.
Previous studies have suggested that the effect of the SSRIs on alcohol consumption is not uniform across all subjects. For example, Balldin and colleagues (Balldin et al. 1994) found that human subjects with modestly elevated rates of alcohol consumption (below 107 g per day, mean consumption 85 g per day) were particularly likely to reduce their alcohol consumption after SSRI treatment as compared with subjects with very high consumption rates (above 107 g, mean consumption 138 g per day). On the other hand, studies show that primates with the lowest CNS serotonin functioning tend to be the highest alcohol consumers (Higley et al. 1991 , and alcoholics and sons of alcoholics also show low CNS serotonin functioning Banki 1981; Borg et al. 1985) . It is therefore not unreasonable to predict that the subjects with the highest consumption patterns would benefit most from SSRI treatment. Thus, we further hypothesized that sertraline treatment would be most effective in those subjects whose consumption rates were high and whose consumption patterns were less restrained.
Studies have also shown that anxiety-like behaviors and high levels of stress are positively correlated with the level of alcohol consumption (Kraemer and McKinney 1985; Higley et al. 1991 . Social separation stress (removal and isolation of subjects from their social group) increases alcohol consumption, even among subjects not particularly prone to overconsume alcohol (Kraemer and McKinney 1985; Higley et al. 1991) . Among humans who receive antidepressants for the treatment of unipolar depression, some studies show that stress increases probability of relapse (Belsher and Costello 1989; Leverich et al. 1990 ). Some studies also show that stressful conditions increase the probability of relapse among abstinent alcoholics , and individuals who relapse after treatment are more likely to report high levels of state and trait anxiety (Brown et al. 1991) . Such findings suggest that stress may attenuate the effect of a pharmacological treatment and led us to test the effectiveness of sertraline in peer-reared monkeys under both baseline and stressful conditions. Specifically, we hypothesized that sertraline would reduce alcohol consumption during baseline conditions, but not under conditions of high stress, such as during a social separation and during other challenging social con-ditions such as return to a social group after a protracted absence, when rates of physical aggression are high. Some animal studies have shown an immediate reduction in alcohol consumption after treatment with an SSRI (Gulley et al. 1995) , but the appearance of sertraline's antidepressant and other treatment effects (e.g., aggression and irritability) is often delayed in time (Guy et al. 1986; Kavoussi et al. 1994 ). Thus, we assessed alcohol consumption under both acute and chronic sertraline treatment.
METHODS

Subjects
The subjects were eight adolescent (mean 52.6, range 52-53 months of age), peer-reared rhesus monkeys ( n ϭ 8: four females and four males), all placed, within 24 h of birth, in the neonatal nursery where they lived in single cages for their first month of life. During this period they received care similar to that described by Blomquist and Harlow (1961) . When the youngest subject of each group was 30 days of age, the subjects were placed together into one of two sex-balanced social groups of four, with constant access to the three other same-age monkeys. With the exception of weekly cage cleaning, during which the monkeys were placed as an intact social unit into a smaller cage, and four 1-h separations between 60 and 120 days of age to assess attachment preferences, both groups remained undisturbed in their respective home cages until they were 6 months of age. At that age, they underwent a series of four 4-day social separations. The results of these separation studies have been published elsewhere (Higley et al. 1996d,e) . After the separations, the two groups were placed together to form a larger group of eight. All animals received identical treatment prior to and throughout the present experiment.
Procedure
The experiment utilized a cross-over design with subjects serving as their own controls (see Figure 1) . The study consisted of two halves, each of which had four phases: (1) baseline, home-cage interactions, (2) homecage sertraline/placebo treatment, (3) social separation, and (4) recovery. Baseline consisted of 2 weeks of sertraline-free, undisturbed home-cage interactions. The sertraline/placebo treatment phase consisted of 3 weeks of dosing with sertraline or placebo under home cage conditions identical to baseline. Social separation was repeated twice, with each separation and reunion lasting 1 week. The home cage sertraline or placebo recovery phase was identical to the home-cage sertraline/ placebo treatment phase, except it lasted 2 weeks instead of 3. A 3-week washout period was provided before beginning the cross-over half of the study.
The separation phase consisted of two 4-day social separations, each followed by a 3-day home-cage reunion period. During each separation, subjects were removed from their home cage and placed into single cage units where they could hear but not see or touch the other animals. During the first hour of each separation, each animal was removed from its group cage and placed alone in an individual cage where a behavior score was obtained. One hour after separation, a blood sample was obtained, and each subject was returned to its individual cage. This routine was repeated during the second hour. After the behavioral ratings and blood draws, the alcohol-dispensing equipment was set up for each cage, and consumption was recorded for 1 h. Additional daily behavioral ratings were obtained for 5 min each day Tuesday through Friday, and alcohol was dispensed Monday through Thursday. CSF and blood were sampled on Friday in lieu of dispensing alcohol. After recovery from anesthesia for the CSF sampling, the monkeys were returned to their social group for the weekend. The four experimental phases of the experiment, each lasting 2 or 3 weeks. Alcohol was dispensed during all 9 weeks of the study. Sertraline or placebo was administered in each phase, except for the baseline. The home-cage sertraline administration phase was procedurally identical to the baseline phase, except sertraline was administered each day. Both the baseline and home-cage sertraline administration phases were relatively stress-free, allowing the subjects to interact each day as usual in their home cage. The separation and reunion phases were designed to study the effects of stress on alcohol consumption and sertraline effects. See text for further description.
Behavior Sampling
Systematic behavioral recordings were obtained using hand-held portable computers during 5-min blocks for each subject: once daily during home-cage interactions, and twice daily during the four social separations for 5 days a week. Durations and frequencies of behaviors were obtained using an objectively defined 14-category behavioral scoring system (Higley et al. 1992a ), specifically designed to assess disturbed behaviors and social functioning in the rhesus monkey. The three observers used in the study to score behaviors were trained by a laboratory technician, who has used the same behavior scoring system for over a decade, to a criterion of r Ͼ 0.90 reliability with the technician for all behaviors in the behavioral scoring system.
Dispensing of the Medication
Sertraline was administered orally, (20 mg/kg) once each day between 10:00 and 12:00 h. The dosage for the rhesus monkeys was chosen to yield plasma levels similar to the established plasma levels for the treatment of depression in humans (Economics Medical 1966) . Pilot data showed that a 30-mg/kg dosage produced vomiting in some subjects; thus, a 20-mg dosage was used. To establish that plasma sertraline concentrations were within the clinically relevant range, prior to starting the study, 20 mg/kg of sertraline was administered to six subjects that were not used in the study and blood was obtained 4 and 24 h later, with resulting average concentrations of 28.6/16.4 ng/ml (mn/sd) 4 h later, and 10.0/6.7 ng/ml 24 h later. To assure that the subjects' plasma sertraline levels were maintained during the study, steady-state blood samples were obtained 24 h after dosing at the end of each treatment phase (sertraline concentrations were 83.0/29.3 ng/ml after the first and 64.5/13.9 ng/ml after the second half of the study). The sertraline used in the study was provided courtesy of Pfizer Co. To disguise the taste, sertraline was administered orally in various vehicles, depending on the subjects' individual taste preferences. Examples of the vehicles used were small amounts of chocolate frosting, jellies, mashed bananas (without peels), grapes, apples, and different flavors of commercial baby food.
Subjects were administered their medication each morning by placing them as a group into one of two connected smaller holding cages (84 ϫ 84 ϫ 84 cm). These cages were fastened side by side to the wall in the subjects' larger pen, and connected together via a mesh tunnel (92 ϫ 30 ϫ 41 cm). The mesh tunnel could be closed off at each end with a sliding door. In the middle of the tunnel was a hatch door, which when opened allowed the researchers to hand the subjects the vehiclemedication, and observe them until the vehicle-medication was completely consumed. Subjects reliably consumed over 90% of the medication using this procedure.
To attenuate any stress that this procedure might engender, 1 month prior to starting the study, the animals were trained daily to enter the cage and take fruit from the researchers. During this time, they were also allowed to drink the aspartame-sweetened vehicle in which the alcohol would be placed for an hour each day.
Alcohol Dispensing
During each of the sertraline/placebo cross-over halves of the study, subjects were allowed to consume a 8.4% (volume/volume) ethanol aspartame-sweetened solution for 1 h a day, 4 days a week (Monday to Thursday), for a total of 11 consecutive weeks before crossing to the other halfmedication or placebo. Alcohol was dispensed in the subjects' home or separation cage. The monkeys received their regular food rations at 11:00 and 14:00 h and were not food deprived throughout the study. The aspartamesweetened vehicle solution was available when the alcohol was dispensed, thus giving each subject a choice between the alcohol or vehicle. To preclude water satiation, water was withheld during the hour just prior to when the alcohol solution was dispensed. Water was available at all other times, including when alcohol was dispensed.
Rank-dependent differential access to the solutions was precluded by dividing the groups into their original peer groups of four subjects, and placing each group into one of the two smaller cages, described above, where alcohol was freely available. Within each of the two smaller cages were two three-chamber, sideby-side, clear Plexiglas compartments. Each chamber fit one monkey, with an internal perch where an individual subject could enter, still see the other monkeys, but sit and drink without being harassed. The three-chamber, side-by-side Plexiglas units hung on adjacent sides of each smaller cage as two units (sized 46 ϫ 68 ϫ 28 cm) each divided into three equal-sized chambers (46 ϫ 22 ϫ 28 cm) in the left and right halves of the smaller cage. The subjects entered a chamber from the bottom and were surrounded on all sides by the clear Plexiglas. The alcohol was dispensed to each chamber using a gravity-fed, self-zeroing burette, connected via plastic tubing, to a lick-initiated stainless steel nipple, identical to the nipple used to dispense water in the home cage.
During nonsocial separation weeks, after the hour of alcohol consumption, the animals were released from the two smaller cages. Thereafter a bucket of fruit and chow was placed in one of the two smaller cages, and the animals were allowed access to it. The number of pieces of fruit and chow that were taken by each monkey were recorded for 20 min.
Blood and Cerebrospinal Fluid (CSF) Sampling
Blood and CSF were obtained weekly, on Fridays, while the subjects were anesthetized. To obtain the CSF sam-ples, monkeys were captured from their home cages between 12:30 and 13:30 h and administered general anesthesia (ketamine HCl 15.0 ng/kg). A 2-ml sample of CSF was removed from the cisterna magna of each subject. CSF samples were quickly frozen in liquid nitrogen. Immediately after the CSF sampling, blood was drawn using vacutainers with EDTA. Six to ten milliliters of blood were drawn from the femoral vein using 22-gauge needles with EDTA vacutainers during each blood draw. Additional blood samples were obtained on the first day of each separation while the subjects were awake using a capture and restraint procedure, 1 and 2 h after the monkeys were removed from their home cages. The blood samples were centrifuged, and the plasma was frozen and stored with the CSF at Ϫ 70 Њ C. The CSF was analyzed for MHPG, homovanillic acid (HVA), and 5-HIAA concentrations using liquid chromatography with electrochemical detection (Scheinin et al. 1983 ). Inter-and intraassay variabilities were less than 10%. Plasma samples were assayed for cortisol concentrations by Hazelton Biotechnologies using radioimmunoassays (Abraham et al. 1972) . Alcohol was available following the last blood draw. On the remaining 3 days of separation, the animals' behaviors were recorded in the morning, prior to alcohol exposure. Plasma sertraline concentrations were quantified at Pfizer laboratories using the method described by Tremaine (Tremaine and Joerg 1989) .
Preclinical studies suggest that the reduction in alcohol consumption by SSRIs such as sertraline is part of a general pattern of overall reduction in food and liquid intake (Lucki et al. 1988; Higgins et al. 1992) , and in humans, SSRI treatment sometimes produces weight loss (Naranjo et al. 1989) . To assess the possibility that sertraline produced its effects by simply reducing all consummatory behaviors including alcohol intake, daily food intake and weekly weight were recorded in all subjects. Because of the volume of blood obtained, nutrients high in iron were used to supplement the regular diet. Bananas were not provided as a food supplement during the study, because the monkeys consume the peels, which possess high levels of the serotonin precursor tryptophan.
Data Analyses
Each of the biochemicals, behaviors, and weight were analyzed using weekly means in two-way repeated measures ANOVA, with treatment (medication and placebo) and phase of study (baseline-week 1, baseline-week 2, treatment-week 1, treatment-week 2, treatment-week 3, separation-week 1, separation-week 2, reunion-week 1, and reunion-week 2) as the two independent variables. Alcohol consumption was expressed as weekly means in grams per kilogram of body weight per 1-h session. The animals were further categorized into four high and four low consumers, using a median split of mean alcohol consumption during the baselines, plus the 3 weeks of placebo consumption in the home cage. Alcohol consumption was then analyzed using weekly means in a mixed design three-way ANOVA, with one between-groups factor (alcohol consumption pattern, high or low) and the same two within-group variables (treatment and phase of study). Food consumption was analyzed using chi-square; the dependent variable was the amount of biscuits or fruit eaten each day. The reduced degrees of freedom in the analysis of aggressiveness was due to the fact that social behaviors could be measured only during home-cage interactions. Preliminary analyses showed no sex differences in the monoamines or in alcohol consumption patterns.
RESULTS
Effect of Sertraline on CSF Monoamine Metabolites and Plasma Hormones
There was a significant treatment by phase interaction ( F ϭ 3.80, df ϭ 8/56, p Ͻ .003), with sertraline reducing CSF 5-HIAA concentrations below baseline during week 1, 2, and 3 of treatment ( p Ͻ .0001-see Figure 2 ). Paired comparisons also showed that CSF 5-HIAA concentrations were lower during sertraline than during placebo in weeks 1-3 of treatment ( p Ͻ .01). Interestingly, when the social separation stressor was applied, it attenuated the sertraline effect on CSF 5-HIAA concentrations. Whereas the concentrations remained lower than during the baseline, they were not lower than during placebo ( p Ͼ .70 when placebo and sertraline treatment weeks were compared). Moreover, CSF 5-HIAA concentrations during sertraline treatment were not different from placebo during the reunion phase ( p Ͼ 0.30). There was also a nearly significant main effect of sertraline on CSF MHPG concentrations ( F ϭ 4.86, df ϭ 1/56, p Ͻ .07-see Figure 3 ), with MHPG concentrations lower during sertraline than during placebo treatment periods. Although the treatment by phase interaction failed to achieve a traditional level of statistical significance ( p Ͻ .13), paired comparisons showed that from the second week of sertraline, MHPG was lower than during placebo treatment ( p Ͻ .02). During the first week of social separation, the effect was only approaching significance ( p Ͻ .06). Similarly, beginning with the second week of sertraline treatment, MHPG concentrations were lower then baseline ( p Ͻ .01), except for the first week of reunion ( p Ͻ .14). CSF HVA and plasma cortisol and ACTH concentrations were not affected by sertraline.
Effect of Sertraline on Behavior
Aggressive and anxiety-like self-directed behaviors were both reduced by sertraline treatment (see Table 1 ).
For aggression the ANOVA yielded a two-way treatment by week interaction ( F ϭ 2.36, df ϭ 6/42, p Ͻ .05), with sertraline reducing aggression across all weeks of treatment relative to the baseline mean. Unexpectedly, beginning the second week of sertraline treatment, the rates of aggression also fell to a rate below baseline in the subjects that were receiving placebo. This may be because the sertraline-treated monkeys failed to respond to the untreated subjects' agonistic cues and as a consequence the nonsertraline-treated subjects had no one with whom to fight. The rates of aggression increased considerably after the separations when the subjects were returned to their home cage (i.e., during reunion), but only among the subjects receiving placebo.
For anxiety-like self-directed behaviors, there was also a two-way treatment by week interaction ( F ϭ 2.23, df ϭ 8/56, p Ͻ .04), with sertraline reducing the rates of self-directed behaviors below placebo in the second week of treatment, and below baseline and placebo during the third week of treatment ( p Ͻ .05). Sertraline was ineffective in reducing self-directed behaviors during the social separations, but it reduced the rates of self-directed behaviors below placebo during the postseparation reunion phases ( p Ͻ .01). None of the other behaviors were affected by sertraline treatment.
Effect of Sertraline on Alcohol Consumption
Analysis of alcohol consumption showed a treatment by phase interaction ( F ϭ 2.22, df ϭ 8/48, p Ͻ .05). There were no baseline differences in alcohol consumption patterns when comparing the medication and nonmedication weeks of the study ( p Ͼ .85); thus, all a posteriori comparisons were based on a weighted mean of the 4 weeks of baseline alcohol consumption.
Home Cage, Nonstress. Further analyses showed that sertraline reduced alcohol consumption below baseline beginning during the second week of treatment (p Ͻ .005). The rate of alcohol consumption remained below baseline through the third week of treatment (p Ͻ .004). When paired comparisons were performed, there was no difference between the placebo and sertraline treatment conditions for the first 2 weeks of treatment, although the lower mean in treated subjects during week 2 of treatment was nearly significant (p Ͻ .10). There The social separation stressor attenuated the effect of sertraline on CSF 5-HIAA concentrations (i.e., while the concentrations remained lower than during the baseline, they were not lower than during placebo). CSF 5-HIAA concentrations during sertraline treatment were not different from placebo during the reunion phase. (Wk ϭ week of the experimental phase.) was, however, a significant difference by week 3 of treatment (p Ͻ .05), with subjects consuming more alcohol during the placebo than during the sertraline treatment. This effect of sertraline on consumption was not, however, uniform across individuals (F ϭ 1.83, df ϭ 8.48, p Ͻ .09). A priori comparisons of the high and low alcohol consumers across the 3 weeks of medication treatment showed a significant week of treatment effect by alcohol consumption preference (high (n ϭ 4) vs. low (n ϭ 4) consumption-F ϭ 19.28, df ϭ 2/12, p Ͻ .0002). Further analyses showed that sertraline reduced alcohol consumption only among the high alcohol consumers, with rates of consumption lower beginning during week 2 and continuing during week 3 (p Ͻ .01-see Figure 4) . Rates of alcohol drinking were unaffected in subjects that consumed low to modest amounts of alcohol when comparisons were made between each of the 3 weeks of home-cage sertraline treatment phases (p Ͼ .35).
Separation Stress. When rates of consumption during the first separation were compared to baseline and placebo, sertraline did not reduce alcohol consumption, with rates of consumption during sertraline treatment identical to baseline. By the second separation, however, sertraline reduced alcohol consumption below baseline (p Ͻ .05). Further analysis of the 2 weeks of separation showed a week by treatment interaction (F ϭ 21.24, df ϭ 1/6, p Ͻ .0004), with rates of alcohol consumption identical to placebo during the first but not the second separation. During the second separation, rates of alcohol consumption were lower than during placebo (p Ͻ .01). There were no differences in the treatment effects between the high and low consumers during the separations.
Home Cage, Reunion Phase. Treatment effects disappeared during the reunion phase (p Ͼ .10).
Food Intake and Weight during Treatment
Neither food intake (biscuits and fruit) nor weight differed across the phases of the study (p Ͼ .30).
DISCUSSION
Of the three monoamine metabolites measured, sertraline had a relatively specific effect on the serotonin sys- Figure 3 . Effects of sertraline on CSF MHPG concentrations. Beginning with the second week of sertraline treatment, MHPG was lower during sertraline treatment than during placebo (p Ͻ .02), although during the first week of social separation, the reduction was only of trend-level significance (p Ͻ .06). Beginning with the second week of sertraline treatment and continuing throughout the study, MHPG concentrations were lower than baseline (p Ͻ .01), except for the first week of reunion (p Ͻ .14). The apparent placebo increase in MHPG in the second week of sertraline treatment was not statistically significant when compared to baseline. Wk ϭ week of the experimental phase. tem, reducing CSF 5-HIAA concentrations, while not affecting homovanillic acid, and having a modest effect on MHPG. This finding parallels other studies that have investigated chronic administration of serotonin reuptake inhibitors among nonhuman primates (Raleigh et al. 1986 ) and humans (Potter et al. 1985) . Our findings are consistent with other studies in monkeys and humans that show treatment with an SSRI, while increasing serotonin functioning, reduces CSF 5-HIAA concentrations (Potter et al. 1985; Raleigh et al. 1986 ). The apparent paradox of sertraline and other reuptake inhibitors reducing CSF 5-HIAA concentrations while increasing synaptic serotonin is a well-documented phenomenon (see, for example, Marsden 1991). Serotonin is largely metabolized into 5-hydroxyindoleacetic acid intraneuronally (Marsden 1991) . Reuptake inhibitors increase synaptic serotonin levels and reduce CSF 5-HIAA concentrations by preventing the reuptake of serotonin into the neuron where it can be metabolized. Whereas sertraline's effect is recognized as relatively specific to the serotonin system, these findings are also consistent with studies showing that with repeated administration the SSRIs also reduce CSF MHPG concentrations and presynaptic noradrenergic activity (Rudorfer et al. 1984; Potter et al. 1985; Leonard 1992) .
Our hypotheses concerning the effect of sertraline on alcohol consumption and aggression were generally supported. Sertraline reduced alcohol consumption in the subjects whose customary pattern of consumption was excessive to the point of intoxication, while not affecting food intake or weight. This finding is consistent with a growing body of data showing that serotonin reuptake inhibitors reduce alcohol consumption among animals (LeMarquand et al. 1994b ) and among some humans who abuse alcohol (LeMarquand et al. 1994a; Pettinati 1996; Tiihonen et al. 1996) . It is noteworthy that the reduction in alcohol consumption was limited to subjects whose pattern of consumption was high. Furthermore, there was neither a weight loss nor reduction in food intake, suggesting that the reduction in alcohol consumption was not just an aspect of overall reduced caloric intake.
Although somewhat speculative, one possible explanation for the reduction in alcohol consumption in high consumers is that sertraline improved impulse control, and once subjects began consuming alcohol, they were able to stop drinking before reaching levels of severe intoxication. Animal studies show the importance of normal CNS serotonin functioning for delaying gratification and exhibiting normative impulse control (e.g., see Soubrié 1986 for a review). Clinical studies have also suggested that serotonin-mediated impulse control deficits might underlie alcohol abuse and associated behavioral problems (Linnoila et al. 1993; Stein et al. 1993) . Studies of rhesus macaques with low CSF 5-HIAA concentrations show that when they are compared with control subjects, subjects with low CSF 5-HIAA concentrations exhibit impaired impulse control, entering traps more often, engaging more often in physically dangerous behaviors (Mehlman et al. 1994; Higley et al. 1996c) , and consuming more alcohol when provided free access (Higley et al. 1996e ). In the current study, when mean home cage, nonstress alcohol consumption was correlated with mean CSF 5-HIAA concentrations collected at the same time, there was a negative correlation that approached statistical significance (r ϭ Ϫ0.66, p Ͻ .08).
An alternative, not necessarily mutually exclusive, explanation is that the decrease in alcohol consumption was a consequence of sertraline reducing anxiety. Anxiety is considered a risk factor for alcoholism (Cloninger 1987; Brady and Lydiard 1993) . Reduction in anxiety as a mechanism for sertraline's effect is consistent with a study of humans by Brady and colleagues (Brady et al. 1995) , showing that sertraline reduces anxiety and alcohol consumption in alcoholics suffering from posttraumatic stress disorder. Indeed, in the present study, during relatively stress-free conditions, sertraline reduced NA ϭ not applicable; Base ϭ baseline phase; Treatment ϭ home-cage treatment phase; Sep ϭ separation phase; Recov ϭ recovery phase. Sertraline or placebo is administered in all phases except baseline. Aggression during social separation cannot be collected, because the animals are alone. Sertraline reduced aggression below baseline during home-cage interactions, and below placebo during the recovery phases. It also reduced selfdirected behaviors below placebo in the second week of treatment, and below baseline and placebo during the third week of treatment. Sertraline also reduced rates of self-directed behaviors below placebo during the postseparation reunion phases. See text for significance levels and statistical probabilities.
both self-directed behaviors, considered a principal measure of anxiety in nonhuman primates (Higley 1985; Capitanio 1986) , and alcohol consumption. Furthermore, the reductions in alcohol consumption and self-directed behaviors paralleled each other among the high consumers. This explanation is, however, inadequate by itself, because the high and low consumers exhibited equal rates of self-directed behaviors. Furthermore, sertraline reduced the rate of self-directed behaviors equally in both the high and low consumers.
Sertraline and other SSRIs typically require 14 to 28 days to produce a therapeutic antidepressant response or modify other behaviors such as aggression and irritability (Guy et al. 1986; Kavoussi et al. 1994 ). Thus it is noteworthy that unlike the primates in this study, in rodents, an immediate reduction in alcohol consumption follows treatment with an SSRI (Gulley et al. 1995) . Whether this dissimilarity in time for therapeutic effect is a species or paradigm difference is unknown. In humans, to our knowledge, the time required for therapeutic effect when treating excessive consumption and alcohol abuse has not received systematic study. In one study of inpatient alcohol-dependent males who were allowed access to alcohol each day, researchers found that fluoxetine reduced alcohol consumption during the first week of administration, but not thereafter (Gorelick and Paredes 1992) . Other studies have used a more protracted treatment paradigm to test the efficacy of SSRI treatment on alcohol consumption in alcohol-dependent subjects and demonstrated a reduction in consumption both early and late in treatment (Naranjo et al. 1994; Cornelius et al. 1997) . The question of how long SSRIs must be administered before they affect alcohol consumption is a research question that requires further study.
The efficacy of sertraline to reduce alcohol consumption was not uniform across all phases of the study. Social stress attenuated the capacity of sertraline to reduce alcohol consumption, with sertraline failing to reduce alcohol consumption under the most stressful conditions during the study. When the subjects underwent the social separation stress, sertraline became temporally ineffective in reducing alcohol consumption and anxiety-like Figure 4 . Effects of sertraline on alcohol consumption. Rates of consumption are plotted as grams of alcohol/kg body weight per 1-h session. Sertraline reduced alcohol consumption only among the high alcohol consumers, with lower rates of consumption beginning during week 2 and continuing during week 3 (p Ͻ .01). Rates of alcohol drinking during the 1-h session were unaffected by sertraline in subjects which consumed low to modest amounts of alcohol. The differences in the effect of sertraline on high and low alcohol consumers disappeared during the social separation stress and during reunion. During the social separation, sertraline produced an overall reduction in alcohol consumption with rates of alcohol consumption significantly below baseline by the second separation (p Ͻ .05). Sertraline did not affect alcohol consumption during the reunion. L ϭ low alcohol consumer, H ϭ high alcohol consumer; Numeral ϭ week of the experimental phase.
behaviors, but its efficacy returned by the second week of the social separation stress, reducing both selfdirected behaviors and alcohol consumption. This return to patterns of high consumption during sertraline treatment amid stressful conditions was even more pronounced during the home-cage reunion phase, when sertraline had no effect on alcohol consumption, even during the second week of home-cage reunion. One possible explanation for sertraline's loss of effectiveness, consistent with our hypotheses, is that stress overrode the pharmacological effects of sertraline. In primates, social stress increases CNS serotonin turnover rate (Bayart et al. 1990 ). This is particularly true during aggressive encounters (Higley et al. 1996a ). Among humans, some studies have shown that high levels of social stress are more likely among alcoholics who relapse than among those who do not relapse ). Moreover, stress-induced relapse of depression during antidepressant treatment has been documented (cf. Leverich et al. 1990 : Monroe et al. 1996 . Social separation is highly stressful for monkeys, although studies have shown that over repeated social separations, some adaptation to the stress occurs (Higley 1985; Higley et al. 1992c) . A pattern of adaptation is consistent with sertraline reducing selfdirected behaviors and alcohol consumption during the second but not the first separation. Although studies have not generally documented the social stress that occurs during home cage reunion for adult and adolescent monkeys, home-cage reunion presents several stressors (Higley 1985) . For example, rates of aggression during the reunion are as much as five-fold higher than during the baseline (Higley 1985) . The fights are generally used to reestablish dominance ranks within the groups, and in normally reared subjects tend to be brief and more ritualistic than physically damaging. Among peer-reared subjects, however, such fights often lead to escalated and unrestrained aggression, resulting in physical violence (Higley et al. , 1996d . Such high rates of aggression may have been stressful enough to attenuate any protective effects that the sertraline treatment provided to the subjects. To the degree that our findings may be extrapolated to the human condition, this finding has important implications for treatment of alcohol abuse and possibly other syndromes that are treated with monoamine uptake inhibitors. They suggest that relapse may be more likely during stressful periods, but following the stress, the effectiveness of sertraline to reduce alcohol consumption may again return.
The finding that sertraline reduces rates of aggression is consistent with a growing body of preclinical (Higley et al. 1992b (Higley et al. , 1996a Mehlman et al. 1994 Mehlman et al. , 1995 , and clinical data Kruesi et al. 1990; Virkkunen et al. 1994a,b) showing that reduced CNS serotonin turnover rate is correlated with high rates of escalated or impulsive aggression, and that increasing CNS serotonin function reduces aggression (Raleigh 1987; Datla et al. 1991; Kavoussi et al. 1994; Raleigh and McGuire 1994) . These findings suggest the possibility that sertraline could be used to treat impulsive aggression. It is also of interest, that during the initial home-cage treatment, the subjects who were not on sertraline reduced their rates of aggression, suggesting the possibility that either the aggressive subjects were less likely to provoke aggression in other subjects when they were on sertraline, or that the subjects on sertraline were less likely to respond to aggressive cues from the other monkeys. The apparent aggression reducing effect of placebo for the untreated subjects disappeared during the reunion phase.
SUMMARY AND CONCLUSIONS
Presumably by increasing CNS serotonin function, sertraline reduced excessive alcohol consumption and aggressiveness. Under conditions of severe stress, sertraline lost its behavioral and biochemical effects, and high rates of alcohol consumption occurred again. To the best of our knowledge, this is the first study in a primate to demonstrate that stress can reverse the biochemical and behavioral effects of an antidepressant.
